Photoluminescence ͑PL͒ properties of SiO 2 films containing Si nanocrystals (nc-Si) and Er were studied. The average size of nc-Si was changed in a wide range in order to tune the exciton energy of nc-Si to the energy separations between the discrete electronic states of Er 3ϩ . PL from exciton recombination in nc-Si and the intra-4 f shell transition of Er 3ϩ were observed simultaneously. At low temperatures, periodic features were observed in the PL spectrum of nc-Si. The period agreed well with the optical phonon energy of Si. The appearance of the phonon structure implies that nc-Si which satisfy the energy conservation rule during the energy transfer process can resonantly excite Er 3ϩ . For the PL from Er 3ϩ , a delay was observed after the pulsed excitation of nc-Si hosts. The rise time of the PL showed strong size dependence. The effects of the quantum confinement of excitons in nc-Si on the energy transfer process are discussed.
I. INTRODUCTION
Recently, Er-doped Si has been attracting a lot of attention, because Er 3ϩ ions incorporated into Si produce stable sharp luminescence from the intra-4 f shell transition ( 4 I 13/2 to 4 I 15/2 ͒ at around 0.81 eV, which corresponds to the absorption minimum in silica-based glass fibers. Electroluminescence devices operating at room temperature have been realized, [1] [2] [3] [4] [5] and many attempts have been made to improve the quantum efficiency. The excitation mechanism of Er 3ϩ in a bulk-Si crystal is generally explained as follows. 5 First, an electron-hole pair generated in Si is trapped at an Er-related level about 0.15 eV below the bottom of the conduction band. The recombination energy of the trapped electron-hole pair is then transferred to Er 3ϩ ͑energy transfer͒, and the 4 f shell is excited. A drawback to use a bulk Si crystal as a host of Er 3ϩ is the large temperature quenching of the 0.81 eV luminescence. The temperature quenching arises from the dissociation of an electron-hole pair bound to the Er-related level before the energy is transferred to Er 3ϩ and the deexcitation of an excited Er 3ϩ by forming an electron-hole pair at the Er-related level ͑energy back transfer͒. [5] [6] [7] [8] The temperature quenching can drastically be reduced by using Si nanostructures such as porous Si and Si nanocrystals (nc-Si) as a host of Er. 5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The band gap widening of Si nanostructures arising from the confinement of an electronhole pair in a small volume ͑quantum size effects͒ is considered to be responsible for the observed small temperature quenching.
In our previous work, [12] [13] [14] we have studied photoluminescence ͑PL͒ from SiO 2 films containing nc-Si and Er and discussed the excitation mechanism of Er 3ϩ via nc-Si. The samples exhibited strong 0.81 eV PL at room temperature as well as 1.5 eV PL due to the recombination of excitons in nc-Si. The correlation between the intensities of the two PL peaks was studied. We found that the 0.81 eV peak becomes strong as the Er concentration increases, while the 1.5 eV peak becomes weak. These results combined with the excitation spectra of the two PL peaks suggest that the excitation of Er 3ϩ is made by the energy transfer from nc-Si. The energy transfer process has been discussed in detail on the basis of the time kinetics of the PL bands and rate equations, and some different models are proposed. 16, 17, 19, 20 However, no spectroscopic evidences which indicate the strong coupling between nc-Si and Er 3ϩ have been obtained. Since the electronic states of Er 3ϩ are discrete and the band gap of nc-Si changes with the size, nc-Si with some specific sizes can resonantly excite Er 3ϩ . Observation of such resonant nature offers direct evidence of the energy coupling and gives useful information to understand the energy transfer mechanism. Furthermore, the energy transfer rate has not been estimated; it is not known whether or not the energy transfer rate depends on the size. Since the energy transfer rate is an important parameter which determines the luminescence efficiency, an estimation of the rate and the evaluation of the size dependence is indispensable to fully understand the energy transfer mechanism and to further improve the luminescence efficiency of Er-doped Si nanostructures.
In this work, we studied PL and PL decay dynamics of SiO 2 films containing nc-Si and Er. The average size of nc-Si was changed in a wide range in order to tune the exciton energy of nc-Si to the energy separations between the discrete electronic states of Er 3ϩ . This wide tunability provides valuable information to understand the energy transfer mechanism. We will demonstrate that phononrelated periodic features appear on the PL spectra of nc-Si. The appearance of the features implies the existence of a a͒ Author to whom correspondence should be addressed; electronic mail: fujii@eedept.kobe-u.ac.jp resonant energy transfer process. We will also show that the 4 f shell PL of Er 3ϩ exhibits a delay after the pulsed excitation of nc-Si hosts, and the rise time depends strongly on the size of nc-Si. The effects of the quantum confinement of excitons in nc-Si on the efficient PL of Er 3ϩ are discussed.
II. EXPERIMENT
SiO 2 films containing nc-Si and Er were prepared by a co-sputtering method. Details of the preparation procedures are described in our previous papers. 12, 13 In this work, the average size of nc-Si (d Si ) was changed from 2.7 to 5.5 nm. PL spectra were measured using a single grating monochromator and a near-infrared photomultiplier with a InP/InGaAs photocathode. This near-infrared-sensitive fast photomultiplier allows us to measure time response of PL from Er 3ϩ with the time resolution of less than 10 ns. The excitation source was the 457.9 nm line of an Ar-ion laser. For all the spectra, the spectral response of the detection system was corrected by the reference spectrum of a standard tungsten lamp. For the time response measurements, the 532.0 nm line of a Nd:yttrium-aluminum-garnet laser was used as an excitation source. The pulse width was 5 ns and the repetition frequency was 20 Hz. A multichannel scalar was used in obtaining decay curves. The time resolution of the system was about 40 ns.
III. RESULTS
A. PL spectra Figure 1 shows PL spectra at room temperature. All the samples show two peaks. The low-energy one ͑0.81 eV͒ corresponds to the intra-4 f shell transition of Er 3ϩ ( 4 I 13/2 to 4 I 15/2 ͒ ͑Er 3ϩ PL͒, 5 while the high-energy one to the recombination of excitons confined in nc-Si ͑nc-Si PL͒. 12, 13, 21 The PL from nc-Si depends strongly on the size. The PL peak is shifted from 1.2 to 1.5 eV as the size decreases from 5.5 to 2.7 nm. Although not shown here, the intensity ratio of the two PL peaks depends strongly on the Er concentration and the excitation power. 12 The Er 3ϩ PL becomes intense with Er concentration, while the nc-Si one becomes weak. Figure 2͑a͒ shows the PL spectra at 5 K. Only the spectral range between 1.0 and 1.75 eV is shown. In contrast to the featureless spectral shape at room temperature, periodic features can clearly be distinguished, i.e., the spectra are periodically suppressed, and dips appear periodically. In particular, for the sample with d Si ϭ5.5 nm, the higher energy part of the spectrum is strongly suppressed. It should be noted here that without Er doping, the spectra are featureless even at 5 K. The first derivatives of the spectra are shown in Fig. 2͑b͒ . In all the spectra, the features in the derivative spectra appear at the same energy. The energy separations between the three features in the low-energy side as well as those in the high-energy side are almost the same. The vertical lines are drawn at every 64 meV, and correspond well to the features in the derivative spectra. Besides periodic dips, a small peak is seen at 1.26 eV ͑indicated by arrows͒. This peak is due to the transition between the second excited ( 4 I 11/2 ) and ground states ( 4 I 15/2 ) of Er 3ϩ . This peak is observed only when relatively small nc-Si are co-doped, i.e., when the PL energy of nc-Si is larger than the energy separation between the third excited state ( 4 I 9/2 ) and the ground state ( 4 I 15/2 ). Figure 3͑a͒ shows the nc-Si PL decay curves detected at the maximum of nc-Si PL in Fig. 1 decay curves are nonexponential. The PL lifetime becomes shorter as the size decreases. Figure 3͑b͒ shows Er concentration dependence of the nc-Si PL decay curves for the sample with d Si ϭ2.7 nm. As the Er concentration increases, the lifetime becomes shorter. The decay curves were well fitted by the modified stretched exponential function, which is generally used to analyze the decay curves of porous Si. 22 The lifetime obtained for the sample not containing Er is about 79 s, while that for the sample with the largest Er concentration is about 47 s. The shortening of the lifetime of the host (nc-Si) PL with increasing Er concentration implies that the energy transfer is mediated by photogenerated excitons, i.e., not due to the absorption of light emitted by nc-Si. In other words, energy transfer to Er 3ϩ is a preferential nonradiative recombination channel for nc-Si. As will be discussed later, the shortening of the lifetime is mainly due to ''nonresonant'' energy transfer. The contribution of ''resonant'' energy transfer is rather small.
B. PL decay dynamics
In Fig. 3͑b͒ , the reduction of the decay time by Er doping is rather small. It is worth nothing that the small reduction does not mean that the energy transfer to Er occurs on a timescale similar to that of the radiative exciton recombination process. If the decay curve reflects only the radiative exciton recombination process, this argument seems to be correct. However, PL decay curves of pure nc-Si in Fig. 3 reflect not only the radiative exciton recombination process but also non-radiative recombination processes. Therefore, only from the nc-Si decay curves, the timescale of the energy transfer cannot simply be discussed. As will be shown later, the energy transfer time can be estimated from PL rise time, and is much shorter than the estimated radiative exciton recombination time even at room temperature.
In previous PL studies of similar samples, the decay time of nc-Si PL was reported to be insensitive to Er concentration. 17, 18 The reason for this contradiction is not clear at present. However, we measured nc-Si PL decay curves for several series of samples, and the shortening of the lifetime with increasing Er concentration was observed for all the series.
The Er 3ϩ PL decay curve detected at 0.81 eV is shown in Fig. 4 for the sample with d Si ϭ5.5 nm. The lifetime is about 5 ms. The lifetime became slightly long with decreasing the size ͑as listed in Table I͒ . However, it is not clear whether it is really a size effect or it is related to sample preparation parameters, e.g., Si concentration and annealing temperature, which are changed to control the size. The lifetime was almost independent of the Er concentration.
The Er 3ϩ PL decay curves at 0.81 eV immediately after pulsed excitation of nc-Si hosts are shown in Fig. 5 . The pulse width is 5 ns. We can clearly see the PL delay for all samples. The PL delay becomes remarkable as the size of nc-Si increases. We roughly estimated the rise time rise by the following procedure. The slow decay part (400 sϽt Ͻ1 ms) of the data was first fitted by a single exponential function, and then the fitted function is subtracted from the experimental decay curve. The resultant data were not a single-exponential function. We thus tried to fit the curve again by a stretched exponential function, I Er (t)ϭ1
The data could be well fitted by the function. Although there is no theoretical model which indicates that the rising part will be a stretched-exponential function, it is convenient to quantitatively estimate the size dependence of the rise time. The possible reason for the deviation of the rising part from a single-exponential func- tion will be discussed in the next subsection. The estimated values of rise are listed in Table I . The PL delay was observed for all the samples containing both nc-Si and Er. Within the present sample preparation condition, the delay time depended only on the size of nc-Si, but did not depend on the Er concentration. This Er concentration insensitiveness seems to suggest that, on average, each nanocrystal can interact with less than one Er 3ϩ even in the sample with the highest Er concentration. If Er concentration is further increased, the number of Er 3ϩ which can interact with one nanocrystal will exceed one. This might change the properties of the interaction, and the effect should appear on the rise time. Detailed theoretical consideration is required to further discuss this problem. However, this is out of the scope of this article.
In all the spectra, we can see a very fast component after the pulsed excitation; this component is faster than the system response time. The component was observed for the sample not containing Er, suggesting that the component is not related to Er and is a background signal. A very similar fast decay component was observed for the PL decay curve of Er-doped bulk Si, 8 but the origin of the fast component was not identified.
C. Analysis of the PL decay curves
Here, we analyze the observed PL decay curves. The time evolution of Er 3ϩ luminescence is a very complicated process. 23 In the following discussion, to simplify the problem and to extract important parameters from the observed decay curves, we will make the following assumptions: ͑i͒ excitation pulse is so short that no energy transfer occurs during the pulsed excitation, ͑ii͒ excitation pulse is so weak that most of the Er atoms are not directly excited, ͑iii͒ that nonlinear effects do not occur in nc-Si, and ͑iv͒ there is no energy back transfer process. The first assumption is valid because the pulse width ͑5 ns͒ is apparently much shorter than the observed PL delay. The second assumption is also valid because in the same experimental condition Er 3ϩ PL was not observed for the sample not containing nc-Si. Furthermore, the intensity of nc-Si PL was in proportion to the excitation power. The last assumption is also possible, because we observed almost no temperature quenching of Er 3ϩ PL.
In the present samples, nc-Si are isolated from the others by SiO 2 barriers 4 -5 nm in thickness. 24 Thus, diffusion of carriers between nc-Si does not occur. In this situation, nc-Si can be classified into two categories, i.e., nc-Si with no nonradiative centers and those with at least one such center. The PL lifetime of the former nc-Si is equal to the radiative recombination time ( R ) of excitons in nc-Si, while that of the latter one is expressed as 1/(1/ R ϩ1/ NR ), where NR is the lifetime of nonradiative recombination of excitons in nc-Si and is generally much smaller than R . The number of excited nc-Si having no nonradiative recombination centers ͓N SiϪR (t)͔ and that having nonradiative recombination centers ͓N SiϪNR (t)͔ can be expressed as
where N SiϪR 0 and N SiϪNR 0 are the number of excited nc-Si at tϭ0. The nc-Si PL intensity is
In Er-doped samples, a new nonradiative recombination process, i.e., the energy transfer process, should be added. The energy transfer time ( Tr ) is considered to be much larger than NR , because the sum of the intensities of the two PL peaks ͑nc-Si PL and Er 3ϩ PL͒ is almost independent of Er concentration; if Tr р NR , the total intensity should increase with Er concentration. Furthermore, Tr is smaller than R , because the energy transfer is the preferential recombination channel for excitons in Si nanocrystals. Therefore, the following relation holds between the three parameters:
FIG. 5. Decay curves of Er
3ϩ PL just after the pulsed excitation of nc-Si hosts. The size of nc-Si is varied from 2.7 to 5.5 nm and the Er concentration is fixed at 0.11 at. %.
indicates that nc-Si which originally do not have nonradiative recombination centers can transfer energy to Er, and those having nonradiative recombination centers do not participate in the energy transfer process. Under this simple approximation, the number of excited nc-Si which shows exciton recombination PL ͓N SiϪR (t)͔ and which can transfer energy to Er 3ϩ ͓N SiϪEr (t)͔ can be expressed as
where N SiϪEr 0 is the number of excited nc-Si which will transfer energy to Er 3ϩ . The nc-Si PL intensity is
͑8͒
In this equation, we can see that, with increasing Er concentration, the contribution of the second term increases, resulting in the shortening of the nc-Si PL lifetime. This is consistent with the experimental results shown in Fig. 3͑b͒ . In Eq. ͑8͒, only the second term is related to the excitation process of Er 3ϩ . If one nc-Si excites one Er 3ϩ , the number of excited Er 3ϩ will be
where Er is the lifetime of the lowest excited state of Er 3ϩ . The derivative of this equation gives the decay curve of Er
The first term of Eq. ͑10͒ expresses the increase in the intensity of the PL after pulsed excitation with the time constant 1/ rise ϭ1/ R ϩ1/ Tr ϩ1/ Er , and the second term expresses the intensity decrease with the time constant Er . The term Tr can thus be estimated from rise , R and Er .
As discussed in the previous subsection, the rising part of the decay curves could not be fitted by a singleexponential function. In this respect, Eq. ͑10͒ does not properly express the experimental data. This discrepancy seems to arise from size distributions of nc-Si. 24 Since the rise time depends on the size of nc-Si as clearly demonstrated in Fig.   5 , the observed data are the superposition of the data from different sizes of nc-Si. Therefore, even if each process is expressed by a single-exponential function, the actual data should deviate from a single-exponential function.
To roughly estimate Tr , we adopt rise in Table I . The values of R are obtained from the slopes in the tail region of the decay curves in Fig. 3͑a͒, Although not shown here, the energy transfer time was almost independent of temperature. On the other hand, radiative recombination time of excitons in nc-Si increased with decreasing the temperature. 24, 25 Therefore, in the whole temperature range studied in this work, energy transfer is the preferential process for excitons in nc-Si.
It is noted here that Tr is the sum of the energy transfer time and the time necessary to relax from the higher excited states ( 4 I 11/2 or 4 I 9/2 ͒ of Er 3ϩ to the lowest excited state ( 4 I 13/2 ). We tried to extract the relaxation time by directly exciting the third excited state ( 4 I 9/2 ). However, the time was shorter than our instrumental limit. Therefore, Tr estimated in the above purely reflects the energy transfer time.
IV. DISCUSSION
Before discussing the observed PL properties, we summarize PL properties of bulk Si crystal and nc-Si not containing Er. Bulk Si crystal is an indirect gap semiconductor with the conduction band minima in the vicinity of the X points of the Brillouin zone ͑⌬ minima͒. Momentumconserving phonons thus participate in the optical transition. In general, TO phonon-assisted transition is the most dominant in the PL, and the nonphonon ͑NP͒ transition probabil-ity is negligibly small. This fundamental property of Si is preserved even for particles smaller than 10 nm. In nanometer-sized crystals, excitons are confined in a space compatible or smaller than the Bohr radius of free excitons in bulk Si crystal. This confinement increases the uncertainty of their quasimomentum, thus allowing NP optical transitions. The ratio of the NP to phonon-assisted transition is studied as a function of a confinement energy. 26 The ratio is estimated to be around several % for the sample with d Si ϭ5.5 nm, and around several tens of % for d Si ϭ2.7 nm. The increase in the NP transition rate with respect to the phononassisted one results in the shortening the radiative lifetime of nc-Si. 24, 26, 27 PL spectra under the nonresonant excitation are very broad and featureless. This inhomogeneous broadening of the PL band is mainly caused by the nanocrystal size and shape variation. The inhomogeneous broadening can be lifted by resonant PL spectroscopy; only the particles having the excitation threshold at the near-infrared laser energy are selectively excited. In pure nc-Si, resonant PL spectroscopy has been widely used to study the nearly homogeneous spectral shape, and some features corresponding to TO and TA momentum-conserving phonons are observed. 25 Similarly, by a hole burning technique, only the particles having the excitation threshold larger than the pump laser energy are selectively suppressed. The suppressed spectrum is demonstrated to coincide with the resonant PL spectrum. 28 The features observed in Fig. 2 can be regarded as a kind of hole burning spectroscopy. PL from nc-Si with some particular sizes are suppressed by exciting Er 3ϩ by the energy transfer. First we analyze the features around 1.3 eV. The positions of the features are close to the energy separation between the second excited state ( 4 I 11/2 ) and the ground state ( 4 I 15/2 ) of Er 3ϩ (⌬E 11/2-15/2 ϭ1.26 eV). This suggests that the energy transfer is made to the second excited state. However, the value of ⌬E 11/2-15/2 is slightly larger than the onset of the lowest energy PL feature, i.e., the lowest energy negative peak in the derivative spectra ͑1.2 eV, see Fig. 2͒ . This discrepancy can be explained by considering the indirect band gap nature of nc-Si. As mentioned in the above, the dominant radiative recombination process of nc-Si as large as 5 nm in diameter is the TO phonon emission one. Since TO phonon energy at ⌬ minima ͓E ⌬(TO) ͔ is 57 meV, the feature at 1.20 eV corresponds to the exciton with the recombination energy of 1.257 eV. This value agrees well with that of ⌬E 11/2-15/2 . Therefore, the appearance of the dip at 1.20 eV implies that the exciton with the recombination energy of 1.257 eV recombines and resonantly excites the 4 I 11/2 state. The PL features appear periodically with a period of about 64 meV, which corresponds to the optical phonon energy of Si at the ⌫ point ͓E ⌫(O) ͔. This indicates that excitons with the recombination energies of 1.26 eVϩE ⌫(O) ϫn (n ϭ0,1,2) can also resonantly excite Er 3ϩ with the assistance of the ⌫ point optical phonons ͓⌫(O)͔ to satisfy the energy conservation rule. Therefore, periodic features appear at the energies of
The fact that the suppression of the spectra starts at 1.2 eV ͑not at 1.26 eV͒ implies that, in contrast to the radiative recombination of excitons, momentum conserving phonons do not participate in the energy transfer process. In other words, photoexcited excitons recombine without emitting a momentum conserving phonon and transfer the recombination energy to Er 3ϩ . Only phonons in the center of the Brillouin zone can participate in the process to satisfy the energy conservation rule.
Similar to the excitation to the second excited state, that to the third excited state ( 4 I 9/2 ) is possible. In that case, the PL features appear at
where ⌬E 9/2-15/2 is the energy separation between the third excited state and the ground state. The energy position of the periodic features in Fig. 2 can be reproduced by the formula if ⌬E 9/2-15/2 is 1.53 eV, which is close to the value reported for Er-doped glasses. [29] [30] [31] Compared to the energy transfer to the second excited state, the PL features are ill defined. The size of particles emitting light in this region is smaller than those around 1.26 eV. The smaller size leads to the larger probability of NP recombination of excitons. This means that, in addition to the spectral positions that satisfy Eq. ͑12͒, features would appear at ⌬E 9/2-15/2 ϩE ⌫(O) ϫn. The overlap of these features and the broadening of the phonon structures by the size effects ͑phonon confinement effects͒ are considered to be responsible for the ill-defined structures.
It is worth noting that the PL spectra of nc-Si become weak in a whole spectral range with increasing Er concentration, i.e., not only the spectral positions that satisfy Eqs. ͑11͒ and ͑12͒ but also other regions in broad PL bands of nc-Si are quenched. 12, 13 Furthermore, the area of the observed dips was less than ϳ1% of that of Er PL at 5 K. These indicate that there is a dominant nonresonant energy transfer process in addition to the resonant one. The energy conservation rule during the energy transfer is satisfied not only by emitting ⌫(O) but also by emitting various combinations of optical and acoustic phonons with the total momentum of zero. However, the observation of clear ⌫(O)-related dips indicates that, among various processes, ⌫(O) emission one is the most dominant in the energy transfer process.
In Er-doped bulk Si crystal, the excitation of Er 3ϩ is made to the first excited state ( 4 I 15/2 ). Since the lifetime of the state is very long, the relaxation of excited Er 3ϩ by the phonon-assisted re-excitation of host Si ͑energy back transfer͒ is possible at relatively high temperatures and is one of the major nonradiative relaxation processes at room temperature. In the present samples, excitation of Er 3ϩ is made to the second or third excited states due to the large band gap. Er 3ϩ excited to these higher states is considered to relax promptly to the lowest excited state ( 4 I 13/2 ) before the energy back transfer occurs. The probability of the back transfer from the lowest excited state to nc-Si is negligibly small even at room temperature due to the large energy mismatch. This may result in the extremely small temperature quenching of the PL observed previously. 12 Free excitons in bulk Si crystal cannot recombine without emitting/absorbing momentum-conserving phonons due to its indirect band gap nature. In the case of Er-doped bulk Si crystal, recombination energy of free excions is not directly transferred to Er 3ϩ , but the energy transfer is mediated by Er-related trap centers. [5] [6] [7] [8] An exciton generated in Si is first trapped at an Er-related level about 0.15 eV below the bottom of the conduction band. The localization of an exciton in a small space partially breaks the momentum conservation rule and makes the direct recombination of the exciton possible. The recombination energy of the trapped exciton is then transferred to Er 3ϩ , and the 4 f shell is excited. In contrast to Er-doped bulk Si crystal, the existence of such a trap level is not experimentally shown in the present samples and also in Er-doped porous Si. In the present samples, Er 3ϩ responsible for energy transfer are considered to be not doped in nc-Si, but exist in the vicinity of nc-Si. 17, 19 Therefore, it might be possible that energy transfer is not mediated by Er-related trap states. Under this assumption, we propose the following model to explain the size dependence of the energy transfer rate.
As mentioned in the above, NP recombination of free excitons is partially allowed in nanocrystals, although for nc-Si exhibiting PL at around 1.2 eV, the probability of NP transition is much smaller than that of the phonon-assisted one because of the relatively large size and resulting weak confinement. Similarly, the energy transfer is considered to be restricted by the momentum conservation rule and the rate is small. As the size decreases, the overlap of the electron and hole wave functions becomes larger. This may increase the probability of the NP radiative recombination as well as the energy transfer rate. We believe that the energy transfer rate is mainly determined by the degree of the breakdown of the k-conservation rule during the optical transition in nc-Si induced by the quantum confinement effects.
The probability of the quasidirect recombination of excitons in nc-Si depends not only on the size but also on the crystallinity. A disorder in the translation invariance of the crystalline lattice brings about a breakdown of the k-conservation rule, and makes the probability of NP transition large. It seems to be very interesting to study the effects of disorder on the energy transfer rate.
V. CONCLUSION
The present results demonstrate the first spectroscopic evidence of the strong coupling between nc-Si and Er 3ϩ . The observation of phonon-related periodic features in broad nc-Si PL band is the direct evidence of the existence of resonant energy transfer processes. The observed periodic features indicate that excitons in nc-Si interact with the second or third excited states of Er 3ϩ . We also observed a delay of Er 3ϩ PL after the pulsed excitation of host nc-Si. From the observed size dependence of the delay time, it is found that the smaller the nc-Si, the larger the energy transfer rate.
The present results strongly suggest that two major aspects of the quantum size effects of nc-Si, i.e., widening of the band gap and the increase in the quasidirect recombination of excitons, play crucial roles for the efficient luminescence of Er 3ϩ . The excitation to the higher excited states and the prompt relaxation to the first excited state make the energy back transfer process small, resulting in the small temperature quenching of the PL. Furthermore, the increase in the uncertainty in the crystal momentum relaxes the momentum conservation rule during the energy transfer process and realizes the higher energy transfer rate.
